Abstract. Recent studies have focused on the question of the stratigraphic sequence and thus the stages of tessera formation, specifically, if tessera are formed by contractional deformation followed by extensional deformation or vice versa. A major question centers on the interpretation of specific lineaments within tesserae as graben (bounded by faults -•60 ø) or, alternatively, open tension fractures (dipping -•90ø). We document and assess the origin of extensional structures in tesserae at several locations on Venus, noting the morphology, continuity along strike, parallelism of walls, stratigraphic position and interaction with other structures, and variability due to radar viewing geometry. In each study area, our analyses demonstrate that (1) the extensional structures have variable widths, interior subparallel lineaments, and ramp terminations; (2) ridges and lineaments are continuous across the troughs, where the floors of many of these structures contain the lowered sections of preexisting structures; and (3) intratessera plains are seen to embay ridges and an impact crater is superposed on a ridge and in both cases these features are subsequently deformed by the extensional structures. We conclude that the morphology of these extensional structures is consistent with an origin as graben, not open tension fractures, and that these graben postdate the ridges in each study area. Both the graben and the ridges of the sizes found in our survey can be formed when the brittle crust is of the order of 1 to 10 km thick. To further test the tension fracture model, we examine the conditions of a Venus that could produce tension fractures of the dimension (-• 1 km width) of extensional structures found in tessera terrain and find that thermal gradients of a minimum of 400 to 1500 K km -1 (heat flows of 800 to 3000 mW m -2) are required for a range of diabase rheologies and strain rates thought typical of Venus during tessera formation. Such a thermal structure would favor partial melting at depths < 1 km. Dike propagation from this region of shallow melting within the tensile stress field would produce vast quantities of volcanism, mitigating against the preservation of the closely associated tension fractures; this volcanism is not observed. Both the amplitude and sign of changes in surface temperature induced by atmospheric warming due to massive outpourings of lava are not consistent with the hotspot model. On the basis of our analysis of tesserae, we conclude that the ridges formed first in response to large-scale contraction of the crust and that the graben formed contemporaneously and largely following this phase as the thickened crust relaxed in a manner to what is predicted and observed for plateau regions on Earth such as Tibet and the Altiplano.
Introduction
Tessera terrain is characterized by high radar backscatter, elevated topography relative to surroundings, and a complex deformation history involving at least two sets of intersecting Parmentier, 1990; Bindschadler et al., 1992b] . A downwelling flow is predicted to produce a plateau-shaped highland where ridges form within the plateau due to contractional radial and hoop strains [Bindschadler and Parmentier, 1990] . The formation of the plateau topography and its compensating crustal root creates gravitational potential which can produce extensional structures such as graben via the relaxation of topography during and subsequent to the cessation of imposed horizontal compressional stresses. Downwelling models therefore predict that tesserae interiors should contain ridges of variable orientation within the plateau, while margins should exhibit margin-parallel ridges deformed by circumferential and radial graben.
A second model argues that a significant number of extensional structures in tesserae are open tensile fractures that predate ridges and are the oldest structures on Venus [Hansen and Willis, 1996, 1998; Phillips and Hansen, 1998 ]. This sequence supports the formation of tessera plateaus over large mantle upwellings where crustal thickening occurs due to magmatic intrusion [Phillips et' al., 199 I; Phillips and Hansen, 1998 ]. Upwelling flow is predicted to produce radial extensional structures and volcanism that yield to circumferential contractional structures as the plume wanes and the highland relaxes [Ghent and Hansen, 1997] . Late stage graben are predicted to occur preferentially at ridge crests [Hansen and Willis, 1996, 1998 ]. Both this upwelling model and the previous downwelling model for tessera formation predict the production of an orthogonal set of ridges and but significantly greater depths are not excluded [Nur, 1982] . Open fissures observed at Kilauea and Iceland may extend to depths of hundreds of meters with openings up to 10 m across [Gudmundsson, 1987] and are often associated with dike intrusion at depth [e.g., BjOrnsson, 1985] . Tension fractures formed during the initiation of regional extension may develop into normal faults as extension continues but are not themselves observed to extend into the deep crust [Angelier and Coileta, 1983; Angelier et al., 1997] . Superhydrostatic pore pressures on Earth, as on continental slopes [Mandl, 1988] , or magmatic pressure and related dike injection [Angelier et al., 1997 ] may serve to counteract overburden and to facilitate the propagation of tension fractures at depths greater than several hundred meters; this mechanism has also been invoked to argue for deep tension fractures on Mars [Tanaka and Golombek, 1989 ]. Based on this theory, the pressure of the venusian atmosphere and the predicted low abundance of water in the crust [Kaula, 1990] show them to be straight, curved, or slightly sinuous in planform. They commonly occur in systems up to several hundred kilometers in total extent segmented along their length, where individual segments are up to tens of kilometers long, which relates to their down dip width and corresponding seismogenic thickness [Jackson and White, 1989] . The discontinuities between segments may take the form of en echelon features or gaps [Jackson and White, 1989 ]. Graben associated with dike emplacement may extend for hundreds of kilometers and contain en echelon segments along their length; the geometry of dike swarms and thus the surface distribution of such graben are governed by local stress fields associated with magma intrusion [McKenzie et al., 1992; Parfitt and Head, 1993; Ernst et al., 1995] . Graben floors may be undeformed but commonly contain other normal faults or minor graben [Illies, 1981] . In continents, extension can be accommodated by distributed normal faulting [Jackson and White, 1989; Westaway, 1991] , where systems of normal faults and graben occur over areas of hundreds of kilometers, for example, the Basin and Range province of the western United States.
Domains of extensional faulting are manifested as both horst and graben faulting and domino-style faulting, where domino-style faulting dominates in the presence of a basal shear stress [Vendeville et al., 1987; Mandl, 1988] , although fault style may change along strike [e.g., Pappalardo and Greeley, 1995] . Planar domino-style faults, in particular, may be associated with and bounded by a single, major listric fault of gentle dip as suggested for the Basin and Range [Wernicke, 1981] . Horst and graben and domino-style faults can therefore be distinguished on a planetary surface by the presence or absence of antithetic faults, which should be apparent in synthetic aperture radar (SAR) data, as they are very sensitive to slope orientation with respect to the spacecraft.
Theoretical and empirical studies of extension on Earth and the Moon indicate that the regular spacing of normal faults in extended terrains may be related to a mechanical discontinuity at depth [McGill and Stromquist, 1979; Golombek, 1985; Vendeville et al., 1987] . For the case of the Canyonlands graben [McGill and Stromquist, 1979] , such a discontinuity is the boundary between the brittle crust and a ductile substrate (evaporites); for the Moon [Golombek and McGill, 1983; Golombek, 1985] and Mars [Plescia, 1991] , the boundary may represent the bottom of the megaregolith. In these examples, the equal spacing of graben suggests that the bounding faults initiate at a common point at depth and propagate toward the surface. Large regions of equally spaced graben could therefore be indicative of a regional mechanical discontinuity at depth.
Methodology
The Magellan mission has provided near-global imaging of the surface of Venus using SAR at -100-250 rn resolution . The brightness of the pixels in the images is controlled by the strength of the radar return from the surface, which is a function of topographic slope, surface roughness and composition (dielectric constant). The appearance of surface features in the SAR images is also highly dependent on the size of the feature relative to the image resolution and its orientation with respect to the viewing geometry of the radar; topographic features tend to be enhanced when oriented perpendicular to the radar look direction and/or at low incidence angle. In general, extensional structures, such as normal faults and fractures, are expected to have a linear planform. This is in contrast to ridge and fold structures which tend to be more sinuous in planform. As graben are defined by having two inward dipping normal faults, in the side-looking radar, graben (and other troughs) are identified by a bright wall facing the illumination direction (toward the spacecraft) and a dark wall facing away from the illumination direction away from the spacecraft. The steepness of a graben wall relative to its floor should produce a change in radar brightness across the feature that is sharp, which is observed to be the case generally on Venus [e.g., Solomon et Figures 2a and 2b) . The north-south trending troughs in this area strike normal to both the radar look direction and a set of longer-wavelength folds. As the troughs encounter the ridges, both walls are shifted toward the radar, an effect attributable to radar foreshortening [e.g., Plaut, 1993; Connors, 1995] .
This foreshortening distorts elevated features in the direction of the spacecraft, and the degree of parallelism, the detailed morphology of the extensional structures, and the true dimensions of their walls are therefore not readily apparent in the radar. To alleviate these effects, we A qualitative look at the proposed ribbon structures in Fortuna Tessera trending near east-west, or subparallel to the radar look direction (Figure 2c) , shows them to have variations and undulations in their walls along strike that can be distinguished from that due to radar distortion. To assess this With these maps, we may also understand the sequence of events during the formation of the tessera structural elements and the place of extensional troughs in this sequence. We undertook stratigraphic and morphologic analyses of extensional troughs in -50 areas in several large tessera regions. Here we report on the results of our study •n four areas in Fortuna Tessera and Ovda Regio (Figures 5-8 Figure  5a ). There, a SW facing wall of a trough changes along its strike into a NW facing wall. In some cases, edges of the troughs consist of two (sometimes three) parallel scarps oriented in the same direction. Although generally appearing to be subparallel, the walls of the troughs as a rule do not match each other when brought back together. At least in one case one can see that two scarps looking in the same direction merge into each other. The scarps outline an elongated block inside a trough and the block appear to be lowered relative the intertrough surface (e.g., Area 3 in Figure 5a ). These morphologic characteristics of troughs favor their interpretation as graben bounded by normal faults (regardless of the steepness of the walls of the troughs) and not consistent with the interpretation of troughs as tensile fractures [Hansen and Willis, 1996] This unit is characterized by numerous subparallel ridges oriented generally in a WNW direction. The ridges are of different widths (from 5 to 10 km), and there are a number of very narrow lineaments (down to the limit of resolution) which may also represent narrow ridges. The local stratigraphic relationships imply that the first recognizable episode in tessera formation was the ridging of some precursor material due to NNE oriented compression. This tectonic episode formed ridged terrain. Two later episodes of volcanism formed two younger units, deformed and smooth plains. The area contains numerous low scarps, many of which form inward facing pairs. These scarps constitute long narrow troughs (ribbons). The typical width of the troughs is about 1-2 km. Material of smooth plains embays troughs, indicating that the troughs are older features. The troughs in turn cut the surface of the deformed plains, which means that trough formation postdates these plains. Thus, on the basis of the stratigraphic relationships, the sequence is older to younger, ridges, plains, troughs, and younger undeformed plains.
Analysis of the internal structure of troughs reveals that the floors of the features appear to be smooth where the troughs cut across the surface of the relatively smooth deformed plains. However, where ribbons cut through ridged terrain, the trough floors exhibit fragments of broad and narrow ridges. The troughs in the area do not demonstrate V-shaped terminations. . Some troughs widen as they pass over tessera ridges (e.g., Area 2 in Figure 6a ). Thus both the stratigraphy and morphology of ribbon troughs strongly suggest that these features were formed after the formation of tessera ridges and that they represent graben bounded by normal faults. Area 3 (Figure 7 ) lies in the northwest portion of Ovda Regio tessera centered at -5.6øN, 63.5øE, where two sets of tectonic features are prominent. One set consists of E-W trending narrow and broad ridges, and the other consists of N-S trending box-shaped troughs, which are identical to the ribbon structures described by Hansen and Willis [ 1996] . This area shows a portion of the broad fan-like set of trough structures which is very prominent in northwestern Ovda. The surface of the area is made up of two material units: deformed plains (pd) and ridged terrain (tr). The relatively dark surface of deformed plains, as seen in stereo images, is relatively flat, and the plains intervene between and embay the ridges of the ridged terrain and separate it into isolated outcrops. Such relationships suggest that the material of deformed plains was emplaced largely after formation of the ridges. The topography of the ridged terrain is dominated by relatively broad (5-10 km) and narrow (1-2 km) ridges which sometimes are densely packed and separated by U-shaped valleys. There is no fine-scale lineation on the slopes of the ridges.
Both units, ridged terrain and deformed plains, are cut by numerous troughs generally outlined by pairs of inward facing scarps. The typical width of the troughs in this area is about 1-2 km. In some cases, a few troughs appear to be embayed by deformed plains (e.g., Area 1 in Figure 7a ) which suggests that the emplacement of the plains material and formation of ß troughs partly overlapped in time. However, because most of the troughs cut the surface of the deformed plains, and there is no major change in their structure from the ridges to the plains, the majority of troughs must be younger than both ridged terrain and deformed plains. The troughs in area 3 are mostly terminated by ramps (e.g., Area 2 in Figure 7a 
Planetary Analogs
Extensional structures are observed on all of the terrestrial planets and many of the outer planet satellites and offer some analogs to these extensional structures on Venus. Deformation related to the uplift of the Tharsis bulge on Mars produced an extensive family of graben. A set of structures in northeast Tharsis appears very similar to the trough structures on Venus as they have regular wall spacing over long distances (--.100 km, Figure 11 ). These structures are indisputably interpreted to be graben [Carr, 1981] . where 5 is the dip of the walls, and (x is the dip of the arm of the fold at the point at which it intersects the embaying lava. Using ct=30 ø (assumed by Hansen and Willis [1996, 1998 ] for their study area), a value of [3 > 75 ø constrains 5 > 62 ø. This is a much shallower dip angle than that stated by Hansen and Willis [1996, 1998 ] as supporting the vertical fracture model, but it is also consistent with a normal faulting or graben origin for these trough walls.
In addition, the method of wall dip determination used by Hansen and Willis [1996, 1998] Another method for distinguishing between graben and tension fractures is measuring the geometry of the trough walls as they encounter variations in topography. Graben should widen as they encounter preexisting higher topography due to the exposure of higher cross sections of the graben [McGill, 1971] . However, structures with near-vertical walls such as tension fractures should maintain their width despite variations in topography. To identify the nature of extensional structures, it is therefore important to assess the width of the walls in detail to determine if they correlate with topography.
We first consider the question: How much of a change in elevation is required to cause a measurable widening of a graben in the Magellan data, or, in other words, can graben walls maintain apparently parallel and matched sides over ridges and folds?
We review the geometry of a half-graben with walls dipping at an angle 5, with a width w• where it intersects the surface at elevation hi above a datum, and a width w2 where it intersects the surface at level h 2 < h I (Figure 13 Schematic cross section of a half-graben defining the parameters used in calculating the change in width of a graben at various horizontal surfaces as would be exposed as the graben cuts across variations in elevation along its length. A graben exposed at elevation h I will have a width w•, while the same graben exposed at a lower elevation will have a width w2 and height h 2. Figure 14) graben would widen by only four pixels, which may be difficult to distinguish in the SAR data especially within areas of high surface roughness such as tessera terrain. Of course, this prediction is based on an ideal situation where both walls have the same dip and the nucleation depth of the graben is constant along its length. These factors introduce some uncertainty and act to complicate interpretations based on equation (2). However, even errors of _+100% yield very modest amounts of widening for graben over topography of < 0.5 km; thus this method may provide a useful first-order approximation of graben wall dip.
In order to utilize (2), the elevation of ridges in the study area must be determined. Each Magellan altimeter footprint averages the energy retum from an area of 10-20 km across, depending on latitude. The 5-20 km scale of features in tesserae thus makes the altimetry data unreliable for examining the detailed topography of individual structures. This problem can be circumvented by using topography-related radar image distortion to our advantage. We utilize radargrammetric techniques to estimate ridge heights as a function of foreshortening. Ridge crests and troughs that trend parallel to the radar look direction can be treated as horizontal surfaces, where the radar return from the ridges arrives at the spacecraft sooner than that from the troughs. This can be modeled using a simple geometric relationship (Figure 15) , where the slantrange return corresponds to a ground-range return that is related to the height of the slope Ah by Ah = Ag tan 0,
where Ag is ground-range return, or the amount of shift of a feature due to foreshortening, and 0 is the incidence angle of the radar. We assume that the troughs trend normal to the ridge, with no plunge, and are constant along strike. We apply this formula to north-south trending lineaments in an area ( due to the random variability in trough widths along their lengths (Figure 3) . This variability reflects several morphological characteristics of the troughs, particularly secondary interior scarps and ramp terminations which result in differences in trough width of up to a kilometer in Fortuna.
Despite the fact that geometrical analyses cannot be used to determine the nature of troughs in Fortuna, the very morphological attributes of these features that prevent the use of (2) (wall sinuosity, ramp terminations, secondary scarps) are consistent with the characteristics of graben. 
Discussion
On the basis of morphology, stratigraphy, and geometry, our analyses demonstrate that in several areas of tessera terrain on Venus, extensional deformation is accommodated by graben rather than tension fractures and that the deformation appears to postdate the early stages of folding, rather than predating folds. We now consider some of the details of the geologic mechanisms that allow the formation of tessera terrain as either (1) tension fractures that predate ridges or (2) ridges that predate graben. In sections 5.1-5.3, we review several of the primary observations of tessera terrain that need to be explained by any model of their formation and evolution. Any model for the formation of tessera must address the spatial distribution of tessera craters which represent an average surface age similar to the remainder of the planet [Ivanov and Basilevsky, 1993; Strom et al., 1994] . Seventy percent of tessera craters are unmodified, 90% are unmodified by processes related to tesserae, and no tessera craters are observed to be deformed under compression [Gilmore et al., 1997] . These data require that significant contraction in tessera terrain ceased prior to the formation of tessera craters, and rapidly with respect to the cratering rate.
Graben Formation in Tessera Terrain
The observations recorded in this study favor the interpretation that the extensional structures in our survey of tessera terrain are graben and that in all cases observed, the graben modify and postdate underlying ridges. We now consider the implications of the size and spacing and stratigraphic position of graben for models of tessera formation and evolution. We address the following two questions about graben formation: (1) 5.2.1. Lithospheric conditions. The contemporaneous production of graben and ridges requires that they both form under the same lithospheric conditions. Likewise, as we expect the brittle-ductile transition (BDT) to deepen with time due to conductive cooling, the production of graben subsequent to ridges requires that the depth to BDT during graben formation was the same or greater than the BDT depth during ridge formation. As the folds at the margins of tessera terrain are often regular in spacing (15-20 km), we may apply analytical models of folding of a strong plate (wet diabase rheologies) over a weaker (inviscid) substrate as described by Solomon and Head [1984] . In summary, the depth to a mechanical discontinuity predicted by analytical models of contractional ridges in tessera is consistent with the depth predicted by the geometry of graben within tessera terrain. Both features can be formed over a BDT at 1-6 km depth. For wet diabase rheologies, no increase above present-day values of the thermal gradient is necessary for the BDT at this depth. For dry diabase rheologies, elevated thermal gradients are necessary and may be associated with some magma at depth. Plateau topography represents a competition between gravitational potential energy and horizontal compressive stress. In general, horizontal compressional forces will dominate over tensional forces until there is a change, either in the magnitude of compression, strength of the lithosphere, or height of the plateau [England and Houseman, 1988; Dewey, 1988] . Let us consider that latter mechanism. The height of a plateau is limited by gravity where at a constant convergence rate, it will grow until the point at which more work must be performed against gravity to elevate the plateau than is required for the plateau to grow laterally [ (up to 170 km in length) and the parallelism of the trough walls, which do not vary as they cross over topography. It is this latter observation (plus geometric consideration of embayment relationships) that leads them to the interpretation that the walls of these structures are near-vertical [Hansen and Willis, 1996, 1998 ].
They contend that the geometry of the ribbons can be easily produced in a brittle layer above a shallow brittle-ductile transition (BDT), a scenario which they believe is likely to exist prior to the formation of larger-scale folds in their model of upwelling for plateau origin. They further show that such a shallow BDT can be produced only if the crust undergoes an episode of "mechanical annealing" that destroyed all older features (including impact craters), thereby placing ribbons as the oldest geologic features of the tesserae. The shallow BDT is suggested to be the consequence of an era of massive mantle upwelling [Phillips and Hansen, 1998 ]. In such models, the large amounts of partial melting and magmatic underplating in this era serve to thicken the crust and create crustal plateaus. One recent prediction of the hotspot model describes a Venus that evolves from a "mobile lid regime," characterized by widespread plumes and high horizontal stresses at the surface, to a "sluggish lid regime," characterized by a thick lithosphere and low degrees of partial melting [Solomatov and Moresi, 1996; Herrick, 1994; Phillips and Hansen, 1998 ]. In this model, tesserae are considered to be remnants from the mobile lid regime, where the high horizontal stresses resulted in extensive and varied deformation at the surface [Phillips and Hansen, 1998 ]. This transition is postulated to have occurred approximately 500 Myr ago, coinciding with the cessation of resurfacing (the plains) in the model of Solomatov and Moresi [1996] . Phillips and Hansen [1998] suggest that the transition may have occurred at some time prior to 500 Ma, where tesserae are formed throughout the mobile lid phase; tesserae may therefore have a range of ages, but stresses high enough to produce tesserae would have ceased at the change of regimes. The modification of the plateau is predicted to generate contraction at the margins of the plateau associated with gravitational spreading [Phillips et al., 1991] . This hotspot scenario predicts that craters which form on the tesserae should record a sequence of extension followed by contraction arising from the gravitational relaxation of the plateau and predicts that (1) craters should display a range of deformation states, including contraction and (2)craters near plateau margins should be preferentially deformed by contraction.
We now utilize the characteristics and distribution of tessera craters to address these issues. Although the process of "mechanical annealing" is not described in detail by Phillips and Hansen [1998] , the implication is that it must refer to some process whereby craters and their ejecta are removed without volcanic burial. Craters may undergo viscous relaxation if the thermal gradients are highly elevated; previous work has shown that craters (> 32 km diameter) may relax completely over 0.5 Gyr for < 20 km crust and < 50 K km" thermal gradient [Grimm and Solomon, 1988] ; however, more work needs to be done to constrain the timescales of this process for dry diabase rheologies. Short-wavelength features such as crater wall structure and rough ejecta facies surrounding the craters, would have to be removed or obscured by some other process. To best approximate the "mechanically annealed" rock of Phillips and Hansen [1998], we consider diabase that has some tensile strength, so that open tension fractures are able to form. However, we note that heating of rock, as is expected above an upwelling plume in the ribbon terrain model, has been shown to induce cracking due to thermal expansion [e.g., Fredrich and Wong, 1986 ], and such rocks should obey the Coulomb failure criterion.
Annealing and Heat Flow
In the model of ribbon formation, tension fractures open in a brittle layer over a ductile substrate. This requires that the brittle-ductile transition be close to the surface of Venus (170-400 m; [Hansen and Willis, 1998 ]). This is likely to have significant consequences for the surface morphology of extensional features; it is therefore a useful exercise to consider these effects. To determine temperature at the BDT, we employ the ductile flow laws for four diabase rheologies: Maryland diabase (MD [Caristan, 1982] ), unannealed Maryland diabase (FD [Shelton and Tullis, 1981] ), dry Columbia and dry Maryland diabase (CD (dry) and MD (dry) [Mackwell et al., 1994] ). We consider them over the range of tensile strengths of dolerite (fine grained diabase) from 10 to 35 MPa [Farmer, 1968] . The results of this calculation are shown in Figure 20 for different strain rates. A higher temperature is required for a rock to become ductile for either: (1) drier diabase rheologies, (2) lower tensile strengths of the brittle layer, and/or (3) higher strain rates. The solidus of anhydrous mantle is 680 ø above the surface temperature of Venus, and the crustal solidus will lie below this value. Therefore, for dry diabase rheologies at high strain rates, one would expect that the crust will begin to melt rather than become ductile. However, the experimental We perform a simple calculation of the thermal gradients required to have the BDT at depths from 50 m to 1 km, assuming a strain rate of 10 -15 s -1 (Figure 21a) will still suppress melting. The conductive thermal gradient is followed to the solidus, at which point the thermal gradient becomes adiabatic. This would be equivalent to a 3.5 km conductive lid on a convecting medium. One way to suppress volcanism at the surface is to suppose that the conductive thermal gradient becomes adiabatic at some depth due to convection, as illustrated in Figure 22 . Melting will not occur if the thermal gradient becomes adiabatic at a temperature less than the solidus temperature. We calculate the potential temperature of the adiabat that would intersect the conductive thermal gradient at the melting temperature of anhydrous mantle (1150øC + 10 ø per 100 MPa). This method provides the highest potential temperature for the mantle without generating melt. The potential temperature of the mantle for all lithospheric parameters in our study spans a range of values that remains less than 1200øC (-1500 K, Figure 23 ). These values are considerably less than the potential temperature of upwellings in the Earth's mantle, -1500øC (-1800 K). This means that to prevent melting and volcanism and yet to maintain a very shallow (<0.5 km) BDT as required by the ribbon model, the potential temperature of Venus mantle over these mantle upwellings would have to be over 300øC less than the present-day Earth mantle. This situation is not geologically reasonable, given the values of heat flow associated with shallow BDT (Figure 21 
